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We propose a nonuniform deployment strategy of a group of homogeneous autonomous agents in harbor-like environments. High
value units berthed in the area need to be secured against external attacks. Defenders deployed in the area are expected to monitor,
intercept, engage, and neutralize threats. In the framework of decentralized coordinated multi-agent systems, we model and simulate
the optimal deployment of a group of mobile autonomous agents that accounts for a risk map of the area and the optimal trajectories
that minimize the energy consumed to intercept a threat in a given area of interest. Theoretical results are numerically illustrated

through simulations in a realistic harbor protection scenario.
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1. Introduction

Cooperative missions with mobile sensor networks are be-
ing studied extensively from algorithmic to implementation
aspects. Mobility, coupled with estimation, data fusion, and
motion control algorithms, enables groups of mobile agents
to coordinate in real-time to achieve specific objectives.
These ideas have been applied to a variety of domains,
including threat tracking [1-13], formation and coverage
control [6,14-25], rendezvous and deployment [26], envi-
ronmental tracking and monitoring [27-30], and resource
allocation problems with heterogeneous entities [31]. Com-
prehensive reviews can be found in [32-34], and several
technical aspects are discussed in the book [35]. Here, we
extend some of these ideas to securing harbors and ports
against underwater threats, which is a problem with many
opened challenges [36]. Securing ports against threats is es-
pecially acute when they are located near strategic choke
points, such as the Strait of Hormuz, the Strait of Gibral-
tar, the Suez Canal, and the Panama Canal [36]. Among
the most significant challenges in harbor protection study is
that the visibility of both the attackers and agents is likely
to be poor during their mission. In many realistic scenar-
ios, sensory measurements are noisy and communication in
the underwater domain is intermittent, leading to model-
ing frameworks similar to the one presented in [37] to study
synchronization of intermittently coupled continuous-time
nonlinear oscillators, with mean square convergence rates
obtained in a discrete-time setting in [38,39], and several
extensions that include stochastic consensus protocols ad-

dressed in [40-42], and random link failures [43,44]. Here, in
order to focus on the optimal deployment and interception
with non-uniform risk, we assume that full communication
exists among agents at all times, leaving the treatment of
underlying time-varying communication networks to cur-
rent and future work. This work contributes to the devel-
opment of optimal strategy to deploy mobile autonomous
agents and intercept threats in a harbor-like environment
assuming that agents coordinate in a decentralized fash-
ion by sharing information between them, without the in-
tervention of an external unit. The area of deployment is
assumed to be small enough so that information sharing
capabilities allow each agent to communicate with the oth-
ers in the group. Specifically, the main contributions of this
paper are a set of possible solutions to address the following
questions:

i) How and where to deploy agents throughout the har-
bor so that the likelihood of defending against threats
is maximized?

ii) Given the agent’s safe stand-off distance, how to inter-
cept a threat in pre-specified reaction time while mini-
mizing agent’s actuator energy?

Deployment strategies developed here are of general in-
terest in the broad field of cooperative missions with mobile
multi-agent systems. However, they are illustrated herein
for a harbor defence system taking into consideration a
realistic harbor geometry, so that the abstraction of the
formulation is immediately translated into suitable scenar-
ios that facilitate the understanding of the applicability of
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the proposed methods and solutions. It is assumed that the
threats are initially outside the harbor’s outermost bound-
ary and the agents are placed closed to sensitive areas to be
protected. The defence system is structured in two stages,
where the first stage consists of deploying multiple mobile
agents based on the risk distribution of the harbor. The
risk zones inside the harbor are assumed to be known a
priori, and they are encoded by a risk distribution with
eventual non-uniformities. The area is then spatially par-
titioned according to Voronoi partitioning technique such
that each Voronoi cell is assigned to a single agent. Like
that, agents move in a fully decentralized fashion in the
sense that each agent receives the position information from
all other agents while employing its actions independently.
Given the maximum sensor range, we determine the mini-
mum number agents that needs to be deployed throughout
the harbor. In the second stage, each agent will intercept
the threats inside its own Voronoi cell taking into consid-
eration its safe stand-off distance.

Yip et al. in [45] focused on formulating a stochas-
tic model of the effectiveness of a harbor defence system
against underwater threats. Their model is based on the
assumption that only one agent is deployed against a single
threat inside the harbor. In addition, the interception tech-
nique described in [45] assumes that the threat’s trajectory
is simply a straight line, which may be a too restrictive
or non realistic hypothesis to model relevant real scenar-
ios. Several research works have been conducted to protect
harbors (civilian and military) and ports against underwa-
ter threats, see [46-51], for example, and some references
therein. Authors in [52] presented a system of organic sen-
sors coupled with one or more agents to protect high-value
assets, where fuzzy logic algorithms were developed to de-
termine priorities of both underwater and surface threats to
be neutralized. However, a central control unit is required
for their scenario to operate in real-time. Nevertheless, the
nonuniform deployment of agents based on harbor’s risk
level are not considered in the literature to date. It turns
out that the optimal deployment of agents and intercepting
threats with minimum actuating energy are still among the
main challenges, which we address in this paper. It is im-
portant to point out the fact that the proposed deployment
strategy in a harbor defence system can be applied to sce-
narios where multiple defenders need to neutralize multiple
threats. The work described herein exploits the concepts of
multi-agent systems [53], the optimal discrete-time control
and estimation theory [54].

The rest of the paper is outlined as follows. Sec-
tion 2 gives the problem description and assumptions made
throughout the paper including a high-level architecture of
a harbor protection scenario. Section 3 details how to op-
timally deploy a set of homogeneous agents inside the har-
bor’s inner reaction zone while maximizing coverage metric
taking into account the risk maps. Section 4 describes how
the agents optimally intercept a threat while minimizing
their actuating energy. Section 5 presents the main theo-
retical results through computer simulations that encode
the modelling assumptions. Section 6 gives the summary,

conclusions, and potential future research avenues.

2. Assumptions, Harbor Architecture, and
Modeling

Throughout this paper, scalar quantities will be denoted by
lower-case letters, while vectors will be denoted by lower-
case bold letters. Upper-case bold letters will denote matri-
ces. For any positive integer n, R™ denotes the Euclidean
space.

2.1. Assumptions

The current work relies on the following preliminary as-
sumptions:

e Agents and threats operate in a 2D submerged
workspace in the harbor.

e Agents can perfectly (without noise) communicate
among them and each agent is responsible to in-
tercept threats in its own zone of the harbor.

e Agents can estimate their position and velocity
without noise.

e The harbor infrastructure is stationary.

The terms agent, interceptor, and defender will be used
interchangeably throughout this paper.

2.2. Harbor System Architecture

A high-level architecture of a harbor defence system is de-
picted in Fig. 1. The shaded with zigzag pattern is the high
value unit, that is located at the left of the harbor area. The
presence of the high value unit introduces non-uniformity in
the risk zone, and therefore it allows us to treat this impor-
tant case. Sensors (sonars, for example) are mounted on the
outermost trip-wire boundary. The purpose of the trip-wire
sensors is to detect and track attackers while they are in
the detect and track zones (see Fig. 1). In the scenario illus-
trated in Fig. 1, four agents are deployed inside the harbor
area (inner reaction zone). As can be seen, the threats may
enter from several directions (underwater or sideways, for
instance) around the harbor. As such, the risk probability
(which depends on the frequency of attacks by the threats)
is also nonuniform. We consider a decentralized architec-
ture in which there is no central control unit, as opposed
to the scenario presented in [52]. Agents’ optimal configu-
rations in the inner reaction zone maximize a nonuniform
coverage metric. In the presence of threats inside the inner
reaction zone, each agent intercepts the threats that are
inside its own Voronoi cell in the inner reaction zone of the
harbor.

2.3. Motion Models of Agents and Targets

We consider a group of n homogeneous autonomous agents.
Let v and k denote the discrete sampling time interval and
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discrete time index, respectively, characterizing the evolu-
tion of the agents in discrete time. The discrete time motion
model of the ith, i € {1,2,...,n} = Z, agent is given by
the following set of equations that describe the linearized
kinematics of an accelerated material particle

pld = uld (1a)
vil = ol (1b)

where plil(t) = [21(2), ylI (t)]T is the 2D position, vl =

iy o]
[ ), o (0]
all are the vectors of velocity and acceleration inputs, re-
spectively. The kinematic model (1) approximates the 2D
trajectory of the ith agent when it is required for agents
to converge to a desired position with velocity determined
by (1b).Similar to the agent model (1), we assume that
each threat moves according to the linearized accelerated
kinematics

is the velocity at time ¢ > 0, and ul’ and

S=u (2a)
V=« (2b)
where s and v are the threat’s 2D position and velocity

vectors, respectively, with the corresponding 2D actuating
inputs u and «.

3. Deployment of Agents

The agents are distributed in optimal locations inside the
harbor, where the optimality is defined with respect to a

Autonomous agents

Inner Reaction Zone (IRZ)
(danger zone)
Damage contour (innermost boundary) 2.5 km

Outermost boundary

Harbor protection system architecture.

generalized coverage metric that include the nonuniform
risk map and the motion of the agents. The purpose of
this section is to present motion coordination algorithms
to optimally place agents. For that, we formally define the
network model for the agents and the Voronoi tessellation
of the inner reaction zone of the harbor.

3.1. Harbor Partitioning and Network Model

Let p = (pl',..., p[") be the collection of 2D positions of
agents’ network in the 2D inner reaction zone, Q C R2, of
the harbor. For optimal spatial placements and area cover-
age, agents partition the area to be covered using the gener-
alized Voronoi partitioning technique [31,55]. The Voronoi
partition of the harbor is denoted by

V(p) = Vi(p), .- Vu(P)),
where the 7th Voronoi cell is defined by

Vi(p) ={a € Q : f(r:) = f(ry), VieI\{i}},

Vi € Z,r; = ||q — pl!|| is the Euclidean distance, and f(-) is
the sensor performance function that will be defined in sub-
section 3.3. Therefore, the generators of the Voronoi par-
tition are the states (p!*, ..., pl")). For simplicity, Vi(p)
will be denoted by V; throughout the paper. Intuitively,
V; represents an area where each point is better sensed by
the ith agent than to all other agents. Interested readers
are referred to [55] for the comprehensive study on Voronoi
partitioning and its applications.
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A network of agents in the inner reaction zone Q C R?,

is defined by the tuple (Z,R,E), where R = set of agents
i _ il 741 plid el ; i

(R}, ., = {(PH,U Pl ’fH>}iez’ with Pl ¢ R?

is the state space of the ith agent, U’ is the set of con-

trol actions (accelerations) that define the trajectories, P(gz]
is the set of initial states, and fl is the physical state
transition function of the ith agent. The communication
edge map is given by £ : [[1_, Pl s T x Z. The phys-
ical state and the initial physical state of the ¢th agent
are pl1 € Pl and pg] € ’P(gl], respectively. We refer to
p=(pM,...,pM) e T, Pl as a state of the agents’
network in the harbor’s inner reaction zone.

Note that the map p — (Z,E(p)) models the topology
of the communication network among the agents. Hence,
(Z,&(p)) denotes the communication graph. Two agents at
locations pl) and pl/) communicate if and only if the pair
(i,7) € E(p). The informal description of our deployment
strategy for agents inside the harbor can be schematized as
follows:

Step 0: Set up a communication protocol, such as agents
will communicate with each other at discrete time in-
stants during their entire mission. The ith agent per-
forms Step 1 and Step 2 for each communication round:
Step 1: It broadcasts its own message (2D position and
unique ID) to all other agents and receives the set of
messages from all other agents.

Step 2: It updates its logical state (determining geomet-
ric centers, for example), which will be detailed later, of
its own Voronoi region V; inside the harbor.

Step 3: It updates its physical state p!/ by moving to-
wards the geometric center of V; before the next com-
munication round.

3.2. Modeling Risk Zone

Note that there might be different risk zones through which
threats are likely to attack. Inspired by [56], we define risk
zones in the harbor as the area where threats frequently en-
ter to damage the high value unit. Following [17], we define
the risk function ¢ : P — Ry as

(q:z*zfiz)Q + (nygy)Q }

sy = o O (3)

where q = [q.,q,]T € Q is the position vector. Model (3)
defines the risk zone centered around the location (g, qy)
with standard deviations o, and o, along the X-axis and
Y -axis, respectively. Note that the highest risk is at the lo-
cation (g, Gy). Since the risk function is nonuniform, this
method leads to nonuniform distribution of agents, that are
more densely deployed in areas with higher risk. The mass
My4(V;) and the centroid Cy(V;) of the Voronoi cell V; are

given by
My(v) = | olaydo, 4
Cy(Vi) = m /v q¢(q)d<, (5)

respectively, with dQ2 being the area element.

3.3. Nonuniform Deployment

Motivated by the locational optimization problem [55], we
consider a generalized total coverage metric in terms of to-
tal power (signal strength) received by agents

1) =Y [ sl ()

where r; = ||q — pl!||, Yq € V;. Note that f(-) is the agent’s
sensor performance defined by

f(ri) = kexp(—=pr})

with & > 0 and 8 > 0. The metric (6) encodes how rich
the coverage provided by the agents’ network in Q is. In
other words, higher H implies that the corresponding set
of agents achieves better coverage of the area Q. Commonly
the Voronoi tessellation problem with mobile generators is
formulated by modeling the dynamics of the agents as sim-
ple integrators, and therefore the coverage metric can be
extremized by the well-known Lloyd algorithm [57]. Here,
by considering accelerated particles taking into account the
acceleration inputs, we want to maximize the coverage met-
ric H as defined in (6), while the speeds of agents gov-
erned by (1b) reach zero at the optimal configurations of
agents that eventually maximize the coverage. Note, how-
ever, that agents may reach optimal configurations before
the acceleration inputs and velocity of the ith agent decay
to zero as t — co. An appropriate feedback law, defined in
equation (11), for each of the input vectors in (1) dictates
that each agent moves towards its generalized centroid with
speed greater than the speed generated by the acceleration
inputs. This guarantees that the system dynamics does not
violate basic physics principles encoded by Newton’s second
law.

Using the results presented in [31, 53], the derivative
of H; in (6) with respect of pl’l yields

o H]

opll Mg (Vi) (qu(Vz‘) - PM) ; (7)

where ¢(q, pI') = ~2¢(q) (9f(r:)/0(r7)) .
M0 = [ daphae.
Cs00 = 3y [, adtaphie
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It is worth pointing out that é(q7 pm) can be interpreted
as modified risk levels that includes the agents’ sensor per-
formance in the harbor region V;, which is occupied by
the ith agent and its corresponding mass and centroid are
Mg (V;) and Cyz(V;), respectively. From the above defini-

tion it follows that ¢ > 0 since f is strictly decreasing in
its argument.

The standard Lloyd descent algorithm [58] states that
a necessary and sufficient condition for the agents to be
in the optimal configuration that maximizes the cover-
age metric (6) (with constant density ¢) is to asymptot-
ically converge to the centroids of the Voronoi tessella-
tion, i.e., P = {pl(®)|pl1(t) = Co(Vi)(t)} as t — oo.
Hence, if the agents (with kinematics (1)) are asymptot-
ically deployed to the corresponding centroids, C' é(Vi)’ of
the Voronoi tessellation, then the coverage metric is maxi-
mized as it is clear from (7) and therefore the configuration
is optimal. Feedback laws that map to optimal trajecto-
ries of the closed loop system associated to the dynamics
(1) are given in the following proposition, by showing that
these trajectories belong to the largest invariant set of a
quadratic Lyapunov function.

Let k and pus be positive constants. Before defining
the feedback laws for the agent dynamics (1), we intro-
duce the following assumption which relates tracking er-
rors with respect to Voronoi centroids to actuation speed,
posing that the actuation speed ||v!"l|| cannot vanish before
the ith agent converges to the centroid of the corresponding
Voronoi cell.

Assumption 3.1.
IV > RlC; - p], (10)
for some K > 0.

With the following proposition we give a feedback
law for asymptotic convergence towards the centroids, and
therefore optimal coverage in the sense of (6).

Proposition 3.2. Consider a group of n agents with dy-
namics (1). Let the function H defined in (6).

(1) Suppose that Assumption 10 holds V¢ > 0, the tra-
jectories of the closed-loop system generated by
the feedback laws (assuming Cj # pl)

. . C; —pli
O 3
u =|v . 11a
Ml e (11a)
all = —xvll k>0 (11b)

asymptotically drive the agents to the generalized
centroids (9) with zero velocity, that is
[l (¢ - i li] —
tlggop () =Cs, tlgglov 0.
(2) The trajectories of the closed loop system asso-

ciated to the feedback law (11) are optimal with
respect to the metric (6).

Proof.Let
a2
J- Z( sV £ M2||C”—PM||> (12)

be a candidate Lyapunov function (cost function). With
the substitution of feedback laws (11) the time derivative
of the J along the trajectories is given by

J= Z(um\lv T nelvHC -~ ) (13)

which is negative definite for nonzero positive constants piq
and po. By using 10 the following bound follows

J = Z( |V
n s 9
<> (—mnslV = erlic; - pf)F) <o (19)
i=1
for vl % 0 and pl! # C By the global LaSalle’s prin-

ciple it follows that the asymptotlcally all trajectories are
attracted into the largest invariant set of J= 0, which im-
plies point (1) since the largest invariant set includes only
vl =0 and pl! = C¢;.

The proof of point (2) is completed by using a classical
Lloyd algorithm argument, according to which pl” -C;=0
is the largest invariant set of the coverage metric H that is
maximized along the trajectories associated with the feed-
back law ul?l, since such trajectories are proportional to its
gradient ascent directions (see equation (7)). O

~ nalvH1C4 — B

Note that the chain of inequalities (14) without the
additional condition (10) would imply J = 0 simply for
|vld]| = 0; therefore at the equilibrium the agents would
not be required to converge to centroids of the Voronoi
cells. Therefore, by requiring through condition (10) that
the actuation velocity does not vanish before convergence
to Voronoi centroids we also guarantee that equilibrium
conditions correspond to optimal coverage.

4. Intercepting Threats

If threats leak through the underwater barrier, it is the
agents’ responsibility to intercept and engage them before
they reach the damage contour of the high value unit. For
that, an agent has to perform the following two major steps
before engaging:

e Estimating threat’s position and velocities.
e Intercept threats.

We consider on board sensory apparatuses taking noisy
measurements of threats’ trajectories at discrete times. Be-
tween two measurement times the threats’ dynamics are ap-
proximated by a linearized stochastic process arising from
the finite difference of (2)

glk +1] = ®glk] + T (a[k] + w[k]), (15)
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where
10~0 ¥2/2 0
010~ . |0 422
®=1loorol"T'=] 5 o |
0001 0~

and ~ is the sampling time. The state g[k] =
[z[k], ylk], va[K], vy[k]]T includes 2D position and veloc-
ity at time instant k; afk] = [az[k], ay[k]] is the 2D ac-
celeration input at time instant k, R? > w[k] ~ N (0, A)
is the process noise (white, zero-mean Gaussian random
sequence) with A being the noise covariance matrix. The
expected values of the threat’s initial state and its error

covariance are given by
E(g[0]) = g[0],
E |(gl0] - &) (gl0] — &)" | = P[0].
Since the ith interceptor measures the line-of-sight (LOS)

distance between itself and the threat at time instant k,
the measurement model can be written as

Z/[k+1]=h(gk+1],&) =dk+ 1] + €[k + 1], (16)

where di[k] = [d[k],...,dW[k]]T with di[k] being the
Euclidean distance (LOS) given by

dk4+1] =

@+ 1=zl + 12 + P+ 1 — ple + 1117,

N is the number of LOS distance measurements,
t=1,...,N, (z[k],y.[k]) is the 2D position of the threat

corresponding to the measured distance dEl], and RY >
&[k] ~ N (0,%) is the measurement noise vector with zero-
mean and ¥ measurement noise covariance matrix. Hav-
ing multiple line—of-sight (LOS) distance measurements be-
tween the ith interceptor and a threat at time instant k, the
state g[k| of a threat can be estimated using the Extended
Kalman Filter (EKF) algorithm [59], since measurements
are nonlinear functions of the state. The EKF employs the
following two main phases at each time step for the inter-
ceptor to estimate the threat’s state:

(1) A priori estimate (prediction): the threat’s new
state at time step k + 1 is predicted using:

g [k+1] = ®g [k + Talk], g1[0] = g[0], (17)

where the subscripts “_” and “;” denote the a
priori and a posteriori estimates, respectively. The
error covariance matrix associated with this pre-

diction is computed by:

P_[k+ 1] = ®P_ [k]®” + TAT’,
P, [0] = P[0].

(2) A posteriori estimate (correction): the Kalman
gain is computed by

Klk+1]=P_[k+1JH" [k +1]
@k +1UP_[k+1H [k + 1]+
Slk+1)7,

where H[k + 1] is the Jacobian with respect to the
state g of the non-linear measurement model h(-)
in (16). The threat’s state estimate is updated with
current measurements using

G+ 1 =g [k+1+
Kk + 1] (z[il [k +1] — h(g_[k + 1], o))

The error covariance associated with the a poste-
riori estimate is updated by

P lk+1] =1, —K[k+ 1H[E+ 1))P_[k + 1].
where I is the four dimensional identity matrix.

We assume that interceptors can estimate their posi-
tion and velocity without noise. Similar to the model (15),
the dynamic model (1) for the ith agent can be approx-
imated in discrete-time by the linearized finite difference
kinematics

k4 1) = @0 [k] 4+ Tall k], (18)

where the state £ = [CEM K], vl [k], olk), Ug[j] [k]} rep-
resents the state vector of 2D position and velocity at time
instant k, and ald[k] = [ay [k], a,[;] [k]] being the 2D ac-
celeration input at time instant k. Agents use the threat’s
estimated state g [k] to intercept, and the evolution of the

error is a tracking measure. By subtracting (17) from (18)
we obtain the following propagated error in discrete time

e[k + 1] = ®elll k] + val [k, (19)

where e[ﬂ [k] = £9k] — g, [k] that is computed through
EKF’s prediction and update steps at each time instant k
and @l [k] = al[k] — a[k]. Given the reaction time t,, the
problem is to determine the optimal acceleration history
(ug] [k],ug‘] [k]) (inputs to the agent) such that the agent
can intercept the threat while maintaining its safe stand-off
distance, 7,,, before the threat reaches the damage contour
around the high value unit. The detail derivations for gen-
erating (ugf] (K], uld [k]) are adapted from [60, Ch. 3] and are
given in the Appendix 1.

5. Numerical Results

In this section, we provide a set of computer simulations
to demonstrate the capability of a team of mobile agents
in maximizing the probability of detecting a certain event
in a harbor environment when individuals trajectories are



DRDC-RDDC-2014-P78

Nonuniform Deployment of Autonomous Agents in Harbor-Like Environments 7

generated by the feedback law (11); in this case the per-
formance metric is the nonuniform coverage metric defined
in (6) which can be interpreted as the probability of detect-
ing an event in a given area. In addition, we show how an
agent intercepts a mobile threat within its own region in
pre-specified reaction time while minimizing its actuating
energy; in this case the performance measure is the position
error (generated from the discrete time error model (19))
between an agent and a mobile target, while maintaining a
safe stand-off distance. All simulations (both agent deploy-
ment and intercepting threats) are performed in discrete
time with a sampling time interval v = 0.05 s.

5.1. Deployment

The optimal coverage of the agents’ nonuniform deploy-
ment in the harbor is illustrated by simulating a 2D in-
ner reaction zone of the harbor with its boundary vertices
at (0.02,0.02), (1.2,0.2), (2,0), (2.2,1), (2,2.5), (0.6,2.7),
(0,2), (0.05,1.6), and (0,1) km. The distribution of risk
zones throughout the harbor is given by (3), where the
highest risk is in the region centered around (z,y) with
0, = 0.6 km and o, = 0.4 km. It implies that threats can
enter most-likely through regions centered around (z,y) =
(1.5,0.2), (0.4,0.15), (1.2,2.5) km. Initially, 15 (n = 15)
agents (hollow arrows with unique IDs ¢ =1,...,15) are
placed close to the high value unit located at the middle of
the left side of the harbor. The heading direction of each
agent is toward the centroid of its corresponding Voronoi
partition as computed by (5). The colormap on the right
of Fig. 2 shows corresponding value of the risk level in the
harbor, where 0 (zero) and 1 (one) correspond to lowest
and highest risk level, respectively.

The evolution of agents’ network at time ¢ € [0,60] s
is determined through models (1) and (11) fori =1,...,n,
and k = 1. Their corresponding total coverage is computed
by the coverage metric given in (6). The optimal configu-
ration of the agents in total readiness time 60 s is revealed
in Fig. 2 with the maximum coverage by the agents. Fig. 3
shows the normalized total coverage. The agents yields the
maximum coverage of the harbor, which corresponds to
unity (see Fig. 3). As expected, agents speeds decreasing
while they move towards their optimal configurations. This
model naturally leads to nonuniform deployment as dic-
tated by the risk function, with higher risk zones more
densely populated than lower risk zones. Nine agents are
densely placed close to the harbor entrance and six agents
are deployed from across the harbor entrance since there is
a high probability of entering threats from these locations
of the harbor.

5.2. Intercepting Threats

Assume that the agents are in optimal configurations as
shown in Fig. 2(b). Here we show how the agent 14, for
instance, intercepts a threat using its optimal acceleration
inputs al'! that minimize the actuating energy modeled

by the cost function (A.1) while maintaining its safe stand-
off distance. Since the harbor area that we have chosen is
in the range of kilometer, for the purpose of showing the
trajectory in meters we magnify the Voronoi cell of agent
14. For the proof of concept, we assume that the agent 14 is
initially placed in the optimal loiter position (60 m, 10 m)
in the inner reaction zone of the harbor. An alert has been
sent to all agents that a threat is heading from the posi-
tion (98, —8) m towards the high value unit with an initial
velocity of 1.2 m-s™! (& 2.3 kn). Since the threat will surely
be entering through Voronoi cell of agent 14, the agent 14
moves according to the kinematic model (18), where its
acceleration inputs are computed by (A.8). Figs. 4(a) and
4(b) show their initial positions and velocities, respectively.
The agent is always pointed towards the threat. The initial
position error is about 42 m as shown in Fig. 5. Since the
agent has to intercept the threat before it reaches the high
value unit, it drastically increased the speed to ~ 2.7 m-s~!
(= 5.2kn) in about 4 s as shown in Fig. 4(b). Once the
agent’s position is about 15 m (safe stand-oft distance, )
away from the threat, it maintains the same speed as the
threat. This is clear from Fig. 5.

One important observation that can be made from this
simulation results is that if the threat’s speed is about 4 kn
and it is initially about 42 m away from the agent, then it
can intercept the threat in about 10 s and start engaging
with its available weapons, for instance.

6. Summary and Conclusion

In this paper, we focus on an optimal deployment of mul-
tiple autonomous agents with the purpose of protecting a
high value unit against multiple attacks in a harbor-like
environment. A nonuniform risk distribution function is as-
signed to the area to be protected and agents are optimally
distributed throughout the harbor to maximize a gener-
alized coverage metric that encodes the non uniform risk
distribution and the performance of sensory devices in de-
tecting events in the area where they are deployed. The
coverage metric is maximized along the trajectories gener-
ated by a feedback law with kinematic actuating actions.
Agents are deployed more (less) densely in higher (lower)
risk zones using Voronoi tessellation. Once threats pene-
trate the underwater barrier, the mobile agents are notified
to intercept them. If a threat reaches in one of the Voronoi
cells, the corresponding agent estimates the threat’s posi-
tion and velocities and intercept it in pre-specified reaction
time. This is performed using the extended Kalman filter
and the optimal linear quadratic control technique, which
minimizes the agent’s actuator energy that need to be ap-
plied to intercept the threat in its Voronoi cell.

Even though the current work focused in deploying
agents patrolling in a harbor protection environment, the
theoretical results are applicable to a general class of cov-
erage optimization problems, such as nonuniform distribu-
tion of food supply among a group of animals, collecting
scientific data in an underwater environment, and optimal
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Fig. 3. Performance of the agents’ nonuniform deployment.

configurations of a team of agents for estimating a target
location.

The current harbor protection scenario assumes that
agents are able to communicate among them perfectly
(noise-free) without any information loss. However, this is
not the case when a harbor contains islands or obstacles
yielding intermittent communications among agents while
accomplishing their missions. The optimal deployment of
agents in the presence of such intermittent communications
still remains a significant challenge and is a potential future

research avenue, which is currently under investigation.
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In this section, we will derive the optimal accelera-
tion inputs a'[k], k = 0,..., ks — 1, for the ithyi = 1,...,n,
agent to intercept a threat within the reaction time ¢,.. We
denote t;, = vk as the time at discrete index k and kj
corresponds to the reaction time ¢, through ¢, = k. For
clarity, we simply drop the superscript [i] and the subscript
+ from the error vector eL’_] [k] and & = &l in the rest of
this section. We define ith agent’s cost function as

J(@) = Lo (1P ()" (1) +

3 / ~k+1 (eT(t)Q(t)e(t)+dT(t)R(t)d(t)) dt, (A.1)

where P, Q € R* are positive (semi) definite symmetric
matrices that represents the relative importance of position
and velocity error components between the agent and the
target. The matrix R is positive definite symmetric, which
imposes restriction on the amount of energy required for ac-
celeration inputs a[k| (in terms of propeller thrust forces,
for example). The objective at this stage is to minimize
the cost J(@&) for the ith agent. Since the agent can esti-
mate the target’s position and acceleration (as illustrated
in section 4), the problem can be posed in terms of finding

alk] = &l that solves the following optimization problem:

inf J(&), (A.2)

& ER2
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for k=0,...,kf —1.

The solution for &[k] of the problem (A.2) follows the
similar procedure illustrated in [60, Chapter 3]. We rewrite
the error (19) as

e(t) = @(t,ty)elk] + T'(t)alk], (A.3)
for t € (tg,tp+1] and ®(t,tx) is the possible time-varying
state transition matrix. The cost functional (A.1) can be
written as

T(@) = Je (1 P(t)eltr)

% i /t:“ ([eT(t) a’(t)] [Qét) R(gt)] [

k=0

((’?)D dt.
(A.4)

o

By considering a discrete time implementation, for ¢ €
[tk,trr1], &[k] we approximate & as constant, that is
(i.e., a(t) = @&k, for t € [ty,tx+1]). With this assump-
tion and substituting e(t) from (A.3) in (A.4) yield

kp—1
) 1 . 1% k+1
J(OL) = 59 (tT)P(tT)e(tr) + 5 ’;) /tk (
co $'Q® @'Qr | [e[k]
(e [k] &"[]] [(‘PTQI‘)T R+ FTQF} [d[’f]D "

(A.5)

with argument (¢) dropped whenever no ambiguity arises.
Defining

Q. = / BT (1, 1) Q) B(, 1),

tr

R th+1
M= [ @7 )QErd (A.6)
23
R th+1 T
R = / (R() + 7 (QUIN(M))
23
the quadratic cost-functional (A.5) can be written as
- 1
J(a) = ie?Pfeer
kp—1 R AT
lfz:[T~T] Qr My | |er . (&.7)
2 =0 k Tk Mz Rk (873 ’

where we have adopted the compact notation (-); = (-)(¢,)
and (-)r = (-)[k]. Given the agent’s linear error model (19)
and its quadratic cost functional given by (A.1), the agent’s
optimal acceleration error is given by the following linear-
quadratic state feedback control law

. —1
dk = —Ckek = — (Rk + I‘ngJ’_lI‘k)

R (A.8)
(Mf + I‘;;FP;Hl@k) en.

where Cy, is the (2x4) optimal feedback gain matrix and Py,
is the solution of the following discrete-time matrix Riccati
equation

P, = Qi+ [ Ppi1® — (Mk + ‘I’;{Pkﬂf‘k)
. 1, (A.9)
(Rk + I‘ng+1rk> (M£ + F;;FPICH‘I%)

with Ppy1 = P[k’f] £ Pf.

For the agent to maintain a safe stand-off dis-
tance, the error vector ey, in (19) is replaced by ey +
[ cos(m/4), 1, cos(m/4),0,0]T, where 7, is the agent’s safe
stand-off distance. The derivation of (A.8) and (A.9) fol-
low from [60, Chapter 3]. The following steps summarize
the determination of the ith agent trajectory using optimal
acceleration inputs al’[k]:

Step 1: Define Q(t), R(¢t), and P(¢t,) for the cost func-
tion (A.1).

Step 2: Compute Qy,, My, and Ry, using (A.6).

Step 3: Compute the matrix Pj backward using the
discrete-time matrix Riccati equation (A.9).

Step 4: Compute &y, = &[k] using the control law (A.8).
Step 5: Compute the agent’s optimal acceleration inputs
by all[k] = alk] + a[k], where a[k] is the targets acceler-
ation input (assumed to be known).

Step 6: Generate agent’s state (position and velocity) tra-
jectory by (18).
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